We employ grand canonical Monte Carlo and molecular dynamics simulations to systematically study adsorption and diffusion of C 1 to C 4 alkanes in hierarchical ZSM-5 zeolite with micro-(∼1 nm) and mesopores (>2 nm). The zeolite is characterized by a large surface area of active sites at the microporous scale with high permeability and access to the active sites, which arises from the enhanced transport at the mesoporous scale. We model this zeolite as a microporous Na + exchanged alumino-sillicate zeolite ZSM-5/35 (Si/Al=35) in which cylindrical mesopores with diameter of 4 nm have been built by deleting atoms accordingly. We use the TraPPE and Vujić-Lyubartsev's force fields along with the Lorentz-Berthelot mixing rules to describe adsorbateadsorbate and adsorbate-adsorbent interactions. Performance of the force fields is assessed by comparing against experimental single-component adsorption isotherms of methane and ethane in microporous ZSM-5/35, which we measured as part of this work. We compare adsorption isotherms and diffusivities of the adsorbed alkanes in the dual-porosity zeolite with those in the microporous ZSM-5/35, and discern the specific behavior at each porosity scale on the overall adsorption, self-diffusion and transport behavior in zeolites with dual micro/mesoporosities.
We employ grand canonical Monte Carlo and molecular dynamics simulations to systematically study adsorption and diffusion of C 1 to C 4 alkanes in hierarchical ZSM-5 zeolite with micro-(∼1 nm) and mesopores (>2 nm). The zeolite is characterized by a large surface area of active sites at the microporous scale with high permeability and access to the active sites, which arises from the enhanced transport at the mesoporous scale. We model this zeolite as a microporous Na + exchanged alumino-sillicate zeolite ZSM-5/35 (Si/Al=35) in which cylindrical mesopores with diameter of 4 nm have been built by deleting atoms accordingly. We use the TraPPE and Vujić-Lyubartsev's force fields along with the Lorentz-Berthelot mixing rules to describe adsorbateadsorbate and adsorbate-adsorbent interactions. Performance of the force fields is assessed by comparing against experimental single-component adsorption isotherms of methane and ethane in microporous ZSM-5/35, which we measured as part of this work. We compare adsorption isotherms and diffusivities of the adsorbed alkanes in the dual-porosity zeolite with those in the microporous ZSM-5/35, and discern the specific behavior at each porosity scale on the overall adsorption, self-diffusion and transport behavior in zeolites with dual micro/mesoporosities.
Introduction
Zeolites are crystalline microporous materials typically made from the tetrahedral SiO 4 and AlO 4 building blocks being connected by corner-sharing oxygen atoms to form highly-ordered open pores ranging from 0.3 to 1.2 nm in diameter. Due to their large surface areas and tunable pore sizes, they are widely applied in catalysis, adsorption, phase separation, energy storage, and decontamination. At present, there exist more than 60 natural zeolites and about 230 synthetic analogues. They differ in crystal structure, and the size, shape, and connectivity of their pore systems from 8-to 14-rings and one-, two-, or three-dimensional pore arrays with or without intersecting pores. In some zeolites, cages can also be present in the structure, the sizes of which are usually larger than pore entrances [1] .
In zeolites, the large Brunauer-Emmett-Teller (BET) surface areas, the small sizes of the pores and the strong interactions of adsorbate molecules with the surface lead to strong confinement effects on the adsorbed phase [2] . Confinement hinders diffusion of the adsorbate molecules inside the micropores, and restricts access to the active sites [3, 4] . An approach used to overcome the very slow diffusion and limited accessibility to these active sites includes connecting the microporous framework to a transport pore network with wider pores. Such hierarchical porous structures enhance the overall diffusivity of the adsorbate molecules along with access to the active sites located in the microporosity, while still retaining the properties of the microporous materials such as a large surface area. A first class of hierarchical porous solids includes microporous materials (∼1 nm pores), in which mesopores (>2 nm pores) are introduced. Typically, zeolites or metal-organic frameworks (MOFs) [5, 6, 7, 8, 9] are used as the microporous component. A second class of hierarchical porous solids can be obtained by incorporating guest microporous particles into a mesoporous network of a host material, e.g., zeolite or MOF nanocrystals incorporated in mesoporous silica [9, 10, 11, 12] .
Due to the ability to prepare different zeolites with "almost continuously" increasing pore sizes, as well as zeolites with dual micro/mesoporosities [13, 14] , we have recently proposed to use microporous and dual-porosity zeolites as engineered (model) materials for development, testing and improvement of analytical models [15, 16] , used to describe the transport of fluids in the clay and kerogen micro-and mesopores of shale rocks [17, 18, 19] . Using both experimental approaches and molecular simulation in a complimentary manner, the idea is to systematically change the pore sizes, pore shapes, and pore chemistry so as to reproduce some of the features of shale rocks, and then study adsorption and transport of natural gas, water, and other substances in the engineered model materials at thermodynamic conditions of hydraulic fracturing (temperatures up to 100
• C and pressures from a few up to hundered bar). Although shale and zeolites pores are very different (e.g., shale pores are amorphous [20] , while zeolites are crystalline), the analytical models such as ROXOL [21, 22] that are capable of describing the simultaneous formation of fractures in rocks and the transport of fluids through these fractures, are robust enough to handle these differences. In addition, the dual-porosity zeolites allow us to discern the roles played by each porosity scale and the underlying links between the two porosity networks on the structure and dynamics of adsorbed, confined fluids. In this work, we report molecular simulations of the adsorption and dynamics of a series of short alkanes (from methane to n-butane) in a model hierarchical porous solid with interconnected microporosity (∼1 nm) and mesoporosity (>2 nm). The short alkanes, methane, ethane, propane and nbutane are abundant components of shale gas [23] . The porous model consists of an MFI zeolite in which hydroxylated silica mesopores are introduced. The MFI zeolite structure consists of zigzag and straight intersecting channels along the x-and y-directions, respectively, with average diameter of 0.54 nm. Diffusion along the z-direction is only possible by following a tortuous path through zigzag-straight channel intersections [24] . In this work, we consider mesopores oriented in the direction of the straight channels. Our model is analogous to models of hierarchical faujasite zeolite [25] or hierarchical Cu-BTC MOF [26] , proposed by Coasne's group and used to study adsorption and transport of nitrogen. The molecular simulations for the dual-porosity MFI zeolite are compared with those for microporous MFI zeolites. While enormous numbers of molecular simulations have been reported on the adsorption, self-diffusion and transport in zeolites and mesoporous silica, e.g., Refs. [27, 28, 29, 30, 31] , there exist only a few molecular-level simulation studies for hierarchical porous materials [25, 26, 32, 33, 34] .
The remainder of the paper is organised as follows. Experimental details about the zeolite synthesis and adsorption measurements are outlined in Section 2. Section 3 provides the computational details of the zeolite models, the intermolecular interactions, and the simulation of adsorption, self-and transport diffusion. In Section 4, we compare the experimental and simulation adsorption isotherms for methane and ethane in the microporous zeolite, which are used to validate the molecular model. This is followed by a discussion of our simulation results for adsorption isotherms, and self-, collective and transport diffusivity of short alkanes in both zeolites. Finally, we present our conclusions in Section 5.
Experimental Details

Zeolite Synthesis
We synthesized 10-ring zeolite ZSM-5 (IZA structure code MFI [24] ) with a Si/Al ratio of 35, denoted by ZSM-5/35. First, we mixed together 36 g of TEOS (Aldrich 131903) and 7.2 g of ethyl alcohol, absolute. Then, the solution was mixed with 1.8 g of Al(NO 3 ) 3 .9 H 2 O (Lachner, p.a.) dissolved in 14.5 ml of H 2 O, and stirred at room temperature for 90 minutes. Second, 64.8 g of tetrapropyl ammonium hydroxide solution (20 % in H 2 O, Fluka 88111) was dissolved in 63 ml of H 2 O, and the stirred solution was added to the first mixture. The final mixture was then stirred for 3 hours at room temperature. After that, the mixture was poured into a PTFE lined stainless steel autoclave and was kept at 170
• C for 5 days without agitation until the solidified sample settled on the bottom. We determined the structure and crystallinity of the zeolite by X-ray powder diffraction using a Bruker AXS D8 Advance diffractometer equipped with a graphite monochromator and a position sensitive detector Våntec-1 using CuKα radiation in the Bragg-Brentano geometry. We also measured nitrogen adsorption/desorption isotherms using a Micromeritics GEMINI II 2370 volumetric Surface Area Analyzer at 77 K to determine the surface area, pore volume and pore size distribution (PSD). Prior to the sorption measurements, all samples were degassed in a Micromeritics FlowPrep 060 instrument under helium at 300
• C (heating rate of 10 K/min) for 4 hours. We evaluated the specific surface area, S BET , by the BET method using adsorption data in the relative pressure range from 0.05 to 0.25. We applied the t-plot method to determine the volume of micropores, V micro . The adsorbed amount at relative pressure 0.98 reflects the total adsorption capacity, V tot . As a result, we obtained S BET = 429 m 2 /g, V micro = 0.17 cm 3 /g, V tot = 0.23 cm 3 /g, and the average pore diameter, D micro = 0.54 nm.
Adsorption Measurement
We determined adsorption isotherms of methane and ethane at room temperature in ZSM-5/35 using an ASAP 2020 (Micromeritics) volumetric instrument. The instrument was equipped with three pressure transducers covering the ranges up to 0.133, 1.33 and 133 kPa, respectively. The ZSM-5/35 was outgassed before the adsorption measurement using a procedure starting from room temperature and ending at 383 K (heating rate of 0.5 K/min) until the residual pressure of 1 Pa was reached. After a 1 hour delay at 383 K, the temperature was further increased (heating rate of 1 K/min) to 573 K. The sample was outgassed at this temperature under a turbomolecular pump vacuum for 8 hours. The temperature of the sample was maintained with accuracy of ±0.01 K using the thermostat Iso-Therm (e-Lab Services, Czech Republic). A cylindrical mesopore with a 4 nm diameter was then carved from the center of the zeolite crystals in the y-direction, i.e., along the zeolite straight channels. This was achieved by deleting all of the atoms within the 2 nm pore radius, i.e., sodium cations, and silicon or aluminium atoms with incomplete valency, as well as any oxygens bonded only to these silicons or aluminiums. To ensure the electroneutrality of the supercell, the dangling bonds of the oxygen atoms at the mesopore surface were saturated by hydrogen atoms. A hydrogen atom was placed perpendicular to the surface at a distance of 0.1 nm from an unsaturated oxygen atom [25] . The resulting 4 × 4 × 6 and 4 × 8 × 6 supercells consisted of 22512 and 45024 zeolite atoms, respectively, and 205 and 410 Na + ions, respectively. Fig. 1 shows the simulation supercells for both microporous and dual-porosity zeolites. We systematically characterized the zeolite structures by calculating the geometric PSD, accessible surface area, S A , and pore volume, V pore [36] . The PSD was determined by a geometric approach that probed the zeolite pore space to find the largest spheres that contained test points and did not overlap with the atoms of the zeolite structure [37] . The accessible surface area corresponds to the positions of the center of a probe particle rolling over the zeolite atoms. It is thus defined as a locus of the points that represents the location of the probe particle at a distance of the collision diameter σ from a zeolite atom and at least a distance σ from all other atoms in the zeolite structure. As a probe particle for the PSD and S A calculations, we used a nitrogen atom with σ N = 0.3314 nm. An analogous geometric approach was used for calculating the pore volume, where a He size probe with σ He = 0.258 nm was employed to provide values of the V pore consistent with that determined experimentally by helium pycnometry. For the microporous zeolite, the calculation leads to the average pore diameter, D micro = 0.54 nm, V pore ≡ V micro = 0.172 cm 3 /g, and S A = 257 m 2 /g. The values of D micro and V micro agree with the experimental values, while S A is smaller than S BET since S A and S BET have somewhat different physical interpretations [36] . For the dual-porosity zeolite, we obtained V pore = 0.308 cm 3 /g and S A = 440 m 2 /g.
For comparison with the microporous zeolite, the micropore volume in the dual-porosity zeolite can be determined as the following. If the volume of the mesopores is estimated as
where D is the diameter of mesopores, L y is the box length in the y-direction, and m adsorbent is the mass of the adsorbent.
Intermolecular Interactions
The zeolite silicon, alumina, oxygen and hydrogen atoms, and sodium balancing cations were treated as charged Lennard-Jones (LJ) spheres with LJ parameters ε aa and σ aa , and partial charges q a given by Vujić-Lyubartsev's force field [38] . The zeolite framework atoms are denoted by Si z, Al z, O z, O z2, and H z, where O z corresponds to oxygen atoms in -Si-OSi-, while O z2 corresponds to oxygen atoms in -Si-O-Al-. Note that the electroneutrality constraint requires: q (Si z) = −4q (O z) in all-silica structures and q (Al z) + q (Na
an Al atom substitutes a Si atom, and Na + is inserted in alumino-sillicate structures. The LJ parameters and partial charges of the zeolite atoms are listed in Table 1 . Adsorbate molecules (methane, ethane, propane, and n-butane) were described using the united-atom TraPPE force field [39] . The TraPPE force field treats CH 4 as a LJ sphere, C 2 H 6 as a rigid two-site LJ molecule with a CH 3 -CH 3 bond of 0.154 nm, C 3 H 8 as a rigid three-site LJ molecule with a CH 2 -CH 3 bond of 0.154 nm and a CH 3 -CH 2 -CH 3 angle of 114
• , and C 4 H 10 as a semi-rigid four-site molecule with both CH 2 -CH 3 and CH 2 -CH 2 bonds of 0.154 nm and a CH 3 -CH 2 -CH 2 angle of 114
• . In the n-butane molecule, the internal rotation along the CH 2 -CH 2 bond is described by the OPLS united-atom torsional potential, u tors ; see Table 1 . The LJ parameters for the adsorbate pseudo-atoms are summarised in Table 1 . The cross LJ parameters were given by the Lorentz-Berthelot combining rules [40] : ε ab = √ ε aa ε bb and
Adsorption
We simulated adsorption of alkanes in zeolites using the grand canonical MC (GCMC) technique [41] . In GCMC simulations, we consider a system at constant volume V (zeolite supercell in our case) in equilibrium with a gas reservoir (bulk alkane phase in our case) at temperature T and pressure P . The reservoir imposes the chemical potential, µ, and its value is an input to the GCMC simulation. We determined the value of µ by the Widom's insertion method [42] using isothermal-isobaric MC (NPT MC) simulations of the bulk alkane phase. For a given µ and T , the amount adsorbed is then given by the ensemble average of the number of adsorbed molecules in the zeolite supercell. The adsorption isotherm was traced by increasing the pressure, where the corresponding µ (determined from the NPT MC simulations) was imposed in the GCMC simulations. GCMC steps consisted of translation, rotation, insertion/deletion of alkane molecules, and partial regrowth for n-butane. We employed a biased procedure for regrowth, and insertion/deletion of n-butane molecules to enhance the probability of finding energetically favorable configurations. Additional simulation details regarding the GCMC and NPT MC simulations are given in the Supporting Information.
Self-Diffusion
The equilibrium amount of adsorbed alkane molecules determined from the GCMC simulations was subsequently used in canonical MD simulations to evaluate the diffusion of the adsorbed alkanes in the x-, y-and zdirections. The MD simulations employed the Nose-Hoover thermostat [43, 44] . Additional simulation details regarding the MD simulations are provided in the Supporting Information. The diffusion of the alkane molecules in the α-direction (α ≡ x, y, z) was described by the self-diffusion coefficient, D s α , calculated from the meansquare displacement (MSD) via the Einstein equation [40] MSD α (t) = 2D
In Eq. (1), MSD α (t) denotes the MSD in the α-direction at time t. The determination of the MSD included averaging over different time origins [45] .
Transport Diffusion
The equilibrium amount of adsorbed alkane molecules determined from the GCMC simulations was also used in non-equilibrium MD (NEMD) simulations, again using the Nose-Hoover thermostat [43, 44] to study the transport diffusion of the adsorbed molecules in the direction of the zeolite straight channels and the mesopore (in the y-direction) [46, 47, 48, 49] . In our case, the transport diffusion can be described by Fick's law
where J y is the molecular diffusive flux, D t y is the transport diffusion coefficient, and dc/dy is the concentration gradient, presumed to drive diffusion [50] .
While experimentally it is convenient to impose a concentration gradient, the fundamental thermodynamic driving force for diffusion is given by the gradient in the chemical potential, dµ/dy in our case, so we can write
where L y is the Onsager coefficient and k is the Boltzmann constant. The two transport coefficients, D 
where dµ/dc is determined from the adsorption isotherm data [46, 48] .
In the NEMD simulations, we applied an external force in the y-direction on each alkane molecule, f 
is the thermodynamic correction factor, evaluated from the adsorption isotherm data, where f = f 0 exp µ−µ 0 kT is the fugacity of the adsorbate in the bulk phase.
In the NEMD simulations, we determined J y as
where ρ = N/V is the number density, t run is the total simulation time, and v i,y is the center-of-mass velocity of adsorbed molecule i in the y-direction. Alternatively, J y can be evaluated as
where y i (0) and y i (t run ) are the initial and final (without periodic boundary conditions) center-of-mass positions, respectively, of adsorbed molecule i [48] . Additional simulation details regarding the NEMD simulations can be found in the Supporting Information.
Results and Discussion
Experimental adsorption measurement and simulations were carried out at a temperature of 293 K. At 293 K, methane is in a supercritical state while ethane, propane and n-butane are in subcritical states.
Adsorption in Microporous Zeolites: Molecular Model Validation
Experimentally measured adsorption isotherms of methane and ethane in the microporous ZSM-5/35 at 293 K and pressures up to about 1 bar are displayed in Fig. 2 ; both isotherms are Type I [52, 53] . Since this temperature is about 103 K above methane's critical temperature and about 30 K below ethane's critical temperature [51] , both adsorbates behave as non-condensable gasses, and their adsorption isotherms can be described by the Langmuir model [54] n n 0 = bP 1 + bP
In Eq. (9), n is the amount adsorbed, n 0 is the Langmuir adsorption capacity, and b is the adsorption coefficient. The coefficient b is exponentially related to the positive value of the energy of adsorption, and may be regarded as a function of enthalpy and entropy of adsorption [52] . Values of n 0 and b are: n 0 = 2.186 mmol/g and b = 0.493 1/bar for methane, and n 0 = 2.102 mmol/g and b = 13.031 1/bar for ethane. Comparison of the adsorption isotherms for methane and ethane in Fig. 2 suggests that the microporous zeolite has a higher affinity towards ethane than towards methane, as evidenced by both the uptake and the value of b being higher for ethane. We validated our molecular model against these adsorption isotherms, where the GCMC results shown in Fig. 2 exhibit excellent agreement with the experimental measurement. In addition, we performed GCMC simulations for the alkanes in both all-silica ZSM-5 and alumino-sillicate ZSM-5/35 zeolites at 293 K and pressures up to 8 bar for methane, ethane and propane, and up to 2 bar for n-butane. These simulated adsorption isotherms in the ZSM-5 were compared against experimental adsorption isotherms measured by Sun et al. [55] at slightly different temperatures (277 and 308 K). The simulation results and comparison are presented in Fig. S1 of the Supporting Information. Fig. S1 indicates that (i) the simulation isotherms compare rather well with the experimental isotherms, (ii) all simulation isotherms are of Type I [52, 53] , (iii) adsorption in ZSM-5/35 is lower than that in ZSM-5 due to the presence of sodium cations that restrict the space available for gas adsorption, and (iv) considering e.g., adsorption at 2 bar, the relative amount adsorbed for each alkane is n (CH 4 ) < n (C 4 H 10 ) < n (C 3 H 8 ) < n (C 2 H 6 ).
Adsorption Isotherms
Simulation adsorption isotherms of the C 1 to C 4 alkanes in both microporous and dual-porosity ZSM-5/35 zeolites at 293 K and up to high pressures are shown in Fig. 3 . All adsorption isotherms in the microporous zeolite, and adsorption isotherms of methane and ethane in the dual-porosity zeolite can be correlated by the semi-empirical Jensen-Seaton model [56] 
In Eq. (10), K is the Henry law constant, n 0 is a measure of saturation loading, κ represents an adsorbed phase compressibility, and c determines the curvature of the isotherm. All isotherms are Type I, except for propane and n-butane in the dual-porosity zeolite, which have Type II character.
For methane (Fig. 3a) , the adsorption in the dual-porosity zeolite is lower than in the microporous zeolite, indicating methane is preferentially adsorbed in the zeolite micropores rather than in the mesopores, where the analogous behavior occurs for ethane (Fig. 3b) up to pressures of about 5.5 bar. However, above this crossover pressure, the adsorption in the dual-porosity zeolite is higher than in the microporous zeolite, suggesting enhancement of ethane adsorption in the mesopores. With increasing number of carbon atoms in the alkanes, propane (Fig. 3c) and n-butane (Fig. 3d) , the crossover shifts to lower pressures and the uptake in the dual-porosity zeolite is higher than the uptake in the microporous zeolite, and increases non-linearly with pressure. In the dual-porosity zeolite, both propane and n-butane appear to be approaching condensation in the mesopores at the highest pressures considered. Fig. 4 corroborates the adsorption behavior of the alkanes inside the cylindrical mesopores of the dual-porosity zeolite through radial density profiles, ρ (r), at pressures of 2 and 7 bar. From Fig. 4 , we see that methane is nearly homogeneously adsorbed within the mesopores, i.e., ρ (r) increases but the fluid structure remains homogenous, where the presence of a monolayer near the surface is only just beginning to appear (cf. Fig. 4a and Fig. 4b) . In contrast to methane, the other alkanes show preferential adsorption at the mesopore surface, forming one or two molecular layers on the surface. This is due to multi-interaction sites in ethane, propane and nbutane molecules, which leads to enhancement of the adsorbate-pore surface interactions. With increasing pressure, both the preferential adsorption and density increase away from the mesopore surface (cf. Fig. 4a and Fig. 4b ). For both ethane and propane, more distinct second molecular layers are exhibited at the higher pressure, while a third layer is beginning to form for propane (consistent with the non-linear uptake shown in Fig. 3c ). The preferential adsorption of ethane, propane, and n-butane at the mesopore surface thus explains their higher adsorption in the dual-porosity zeolite in comparison with the microporous zeolite at higher pressures.
Self-Diffusivity
Self-diffusion coefficients, D by orders of magnitude [57] .
The MFI framework has a three-dimensional channel structure with straight channels of 0.54 nm × 0.56 nm in the y-direction, zigzag channels of 0.56 nm in the x-direction, and tortuous connections through straight-zigzag channel intersections in the z-direction. The molecular diameters of the alkanes are about 0.4 nm (cf. Table 1 For microporous zeolites, the self-diffusivity of the C 1 to C 4 alkanes follows general trends associated with the pressure (loading) dependence found experimentally, and by molecular simulations for the alkanes in intersecting channel type zeolite structures [58, 59] . Specifically, as the occupancy of adsorbed alkane molecules increases, alkane-alkane interactions tend to decorrelate molecular velocities faster than when the neighboring particles have less influence on the adsorbed molecules. The increased adsorbed density restricts individual mobility, and consequently the self-diffusion decreases. As the number of carbon atoms increases for the alkane species type, the self-diffusivity of the alkanes at the same loading also decreases. Further, cations slow down the self-diffusivity of the alkanes [60] . Accord-ingly, we see in Fig. 5 that the self-diffusivity in all directions for methane to n-butane in the microporous zeolite decrease with increasing pressure, and D for n-butane are, as expected, lower than those for methane and ethane, but slightly higher than those for propane due to lower occupancy of n-butane in the zeolite (about 8 to 9 molecules per unit cell) in comparison with the occupancy of propane in the zeolite (about 10 to 11 molecules per unit cell).
Introducing transport mesopores oriented in the y-direction into the MFI structure has a tremendous effect on the self-diffusivity of the short alkanes in the dual-porosity zeolite, as can be further seen from Fig. 5 . When compared with the microporous zeolite, the self-diffusivity of the alkanes in the dual-porosity zeolite increased in all directions by about one to two orders, depending on the pressure, and the increase is more pronounced in the y-direction (transport direction) than in the x-and z-directions. The increase in D Molecules of n-butane exhibit stronger adsorption on the mesopore surface with respect to the C 1 to C 3 alkanes (cf. Fig. 4a ), which may explain the slight decrease of D s y for n-butane when the pressure increased.
Transport Diffusivity
Figs. 6 and 7 display the transport and collective diffusion coefficients in the y-direction, D The transport diffusivity determines the efficiency of mass transport while the collective diffusivity measures the displacement of the centerof-mass of the system. In general in microporous zeolites, the collective diffusion is higher than the self-diffusion since the collective diffusion contains interparticle correlations, which have a positive contribution; or viewed differently, the self-diffusion is lowered by single particle back-correlations, i.e., by the increased probability of a particle jumping back to its previous position since this position has a higher probability of being unoccupied [28] . Many engineering applications of zeolites use the Darken assumption that the collective diffusion is independent of the pressure (loading). This allows us to estimate the transport diffusivity from knowledge of the self-diffusivity at low pressure and adsorption isotherm. However, Skoulidas et al. [61] , and Krishna and van Baten [62] have shown by MD simulations that for most zeolites the Darken assumption does not hold and depending on the pore topology the collective diffusivity can both increase or decrease as a function of pressure. (Fig. 6a) increase while values for ethane (Fig. 6b), propane (Fig. 7a) , and n-butane (Fig. 7b) decrease when the pressure is increased; the latter corresponds to a general trend of D c vs. P for alkanes in intersecting channel type zeolite structures [58, 59] . The increase of D c y for methane was also observed by Beerdsen et al. in the MFI zeolite [58, 59] ; here, D (Fig. 6a ), Γ increases with P , while for ethane (Fig. 6b) , propane (Fig. 7a) , and n-butane (Fig. 7b) , Γ first increases up to a certain pressure and then it decreases when P is further increased. The pressure corresponding to a maximum in Γ shifts to lower P with increasing number of carbon atoms in the alkanes. As a consequence, D y with P in the dual-porosity zeolite with respect to the microporous zeolite. In general, the collective diffusivity is directly proportional to the flux and inversely proportional to the number of adsorbed molecules (see Eq. (5)). The values of J y obtained by the NEMD simulations increase with P (not shown). The increase in J y is more pronounced than the increase in N when P is increased, which provides an explanation for the values of D c y in the dual-porosity zeolite increasing with P . Moreover, the flux J y can be considered as a sum of fluxes in micropores and mesopores, J may either slightly increase with P for methane, or decrease with P for ethane to n-butane. J meso y is directly proportional to the density and (average) velocity in the mesopores. Fig. 4 indicates that the density in the mesopores increases with P , and close inspection of Fig. 8 reveals that the velocities within the mesopores increase with P , although marginally. This results in a pronounced increase of J meso y when P is increased. Hence, the increase of J y is caused by the contribution from the mesoporosity. Fig. 8 further shows that the velocity profiles are not parabolic and, except n-butane, v y (r) display slip (non-zero) velocities at the mesopore surface, and their shapes correlate with ρ (r) in Fig. 4 . The values of the slip velocity decrease with increase of the adsorbate-pore surface interactions; the slip velocity is the highest for methane and zero for n-butane.
Conclusions
Using Monte Carlo and molecular dynamics simulations, we predicted adsorption isotherms and the dependences of the self-, collective and transport diffusivities on the reservoir pressure (loading) in microporous and hierarchical ZSM-5 zeolites. The hierarchical ZSM-5 zeolite with dual micro/mesoporosities was modeled as an MFI structure, where a cylindrical mesopore with a 4 nm diameter was introduced. The adsorbate-adsorbate and adsorbate-adsorbent interactions were described by the TraPPE and Vujić-Lyubartsev's force fields, along with the Lorentz-Berthelot mixing rules. The force fields almost exactly reproduced both the experimental single-component adsorption isotherms of methane and ethane in microporous alumino-sillicate ZSM-5 zeolite (which were measured as part of this work), and the published experimental high-pressure single-component adsorption isotherms of methane to n-butane in microporous all-silica ZSM-5 zeolite.
We found that all isotherms were Type I, except for propane and nbutane in the dual-porosity zeolite, which were Type II. In the dual-porosity zeolite, methane was preferentially adsorbed in the zeolite micropores rather than in the mesopores, and as a result, the adsorption was lower than in the microporous zeolite. The analogous behavior occurred for ethane up to a crossover pressure, where above the crossover pressure, the adsorption in the dual-porosity zeolite was higher than in the microporous zeolite due to enhancement of ethane adsorption in the mesopores. With increasing number of carbon atoms in the propane and n-butane molecules, the crossover shifted to lower pressures, and the uptake in the dual-porosity zeolite became higher than the uptake in the microporous zeolite. This was due to multiinteraction sites in ethane, propane and n-butane molecules, which increased the adsorbate-pore surface interactions, and led to enhancement of adsorption of these alkanes in the zeolite mesopores.
Due to alkane molecules adsorbed in the mesopores, which have a higher mobility in comparison with the adsorbed molecules at the micropore scale, the self-diffusivity of the alkanes in the dual-porosity zeolite increased in all directions by about one to two orders, and the increase was more pronounced in the transport direction (direction of the cylindrical mesopores) than in the other directions. Unlike in the microporous zeolite, the self-diffusivity for methane, ethane, and propane increased with the pressure. Introducing transport mesopores into the MFI structure also had a tremendous effect on the transport of the alkanes in the dual-porosity zeolite. When compared with the microporous zeolite, the collective diffusivity increased by about one to nearly two orders, and except for n-butane, the collective diffusivity is higher than the self-diffusivity. In addition, the collective diffusivity for all the alkanes increased with the pressure. For both microporous and dual-porosity zeolites, the collective diffusivity exhibited deviation from the Darken assumption. Table 1 : Lennard-Jones parameters ε and σ, and partial atomic charges, q, for zeolite atoms [38] and adsorbate pseudo-atoms [39] along with the torsional potential, u tors , for n-butane; k is the Boltzmann constant. Radial velocity profiles in the y-direction, v y (r), for methane, ethane, propane, and n-butane in the 4 nm mesopore of the dual-porosity ZSM-5/35 zeolite at 293 K, pressures of (a) 2 bar, and (b) 7 bar, and the external force of 0.3 kcal/(mol nm); r is the distance of a molecule from the center of the cylindrical mesopore, which is located at r = 0.
